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Bacillus anthracis is a dangerous pathogen of humans and many animal species. Its 
virulence has been mainly attributed to the production of Lethal and Edema toxins as well 
as the antiphagocytic capsule. Recent data indicate that the nitric oxide (NO) synthase 
(baNOS) plays an important pathogenic role at the early stage of disease by protecting 
bacteria from the host reactive species and S-nytrosylating the mitochondrial proteins in 
macrophages. In this study we for the first time present evidence that bacteria-derived NO 
participates in the generation of highly reactive oxidizing species which could be abolished 
by the NOS inhibitor L-NAME, free thiols, and superoxide dismutase but not catalase. 
The formation of toxicants is likely a result of the simultaneous formation of NO and 
superoxide leading to a labile peroxynitrite and its stable decomposition product, nitrogen 
dioxide. The toxicity of bacteria could be potentiated in the presence of bovine serum 
albumin. This effect is consistent with the property of serum albumin to serves as a trap 
of a volatile NO accelerating its reactions. Our data suggest that during infection in the 
hypoxic environment of pre-mortal host the accumulated NO is expected to have a broad 
toxic impact on host cell functions. 



Keywords: anthrax, toxicity, microaerobic culture, nitric oxide, nitric oxide synthase 



INTRODUCTION 

Bacillus anthracis is the causative agent of anthrax. Although the 
incidence of disease among people in the developed countries 
is low, it remains important as a biodefense threat. Antibiotics 
are the only approved drugs for anthrax treatment, which is 
effective only at the early stages of infection. Patients with the 
advanced disease have about 50% chance of survival (Inglesby 
et al., 2002). Therefore, further understanding of B. anthracis toxi- 
city is required for the acceleration of progress in the development 
of novel anthrax therapies and prophylaxes. 

The disease can be initiated by three major routes: inhala- 
tion, ingestion of spores, as well as a direct contact of spores 
with damaged skin (Inglesby, 2002). During inhalational anthrax, 
B. anthracis spores are internalized by resident phagocytes (alve- 
olar macrophages or dendritic cells) and transported to the 
regional lymph nodes (Dixon et al., 2000; Guidi-Rontani, 2002). 
Inside macrophages, some internalized spores survive a bacte- 
ricidal environment and ultimately initiate disease by escaping 
the macrophages (Cote et al, 2008). The spores also demon- 
strate a capacity of invading the lung epithelium directly at low 
frequency (Russell et al., 2008). During vegetative growth, bac- 
terium produces several virulence factors including the toxins, 
such as the Lethal Toxin (LT) and Edema Toxin (ET), and a 
poly-y-D-glutamic acid capsule [reviewed in Moayeri and Leppla 
(2009) and Guichard et al. (2012)]. LT and ET consist of the 
receptor-binding protective antigen (PA) associated with the cat- 
alytic subunits, Lethal Factor and Edema Factor, respectively. 
The toxins' genes are expressed from plasmid XOl, while the 
capsule gene is located on the plasmid X02. In macrophages, 



LT causes intracellular proteolytic cleavage of members of the 
mitogen-activated protein kinase kinase (MAPKK) family. ET 
is a calcium- and calmodulin-dependent adenylyl cyclase that 
converts cytosolic ATP to cAMP (Moayeri and Leppla, 2009). 
Accumulated evidence demonstrates that LT and ET influence 
many important cellular processes including the host's innate 
immune response; however, mechanisms by which B. anthracis 
kills the host are not fully understood. 

Recent data obtained in animal models of anthrax using the 
virulent strains with deletions of LT and ET genes show that 
B. anthracis possesses pathogenic factors which can surpass the 
effects of these toxins (Heninger et al., 2006; Chand et al., 2009; 
Levy et al., 2012a,b; Lovchik et al., 2012). For example, Heninger 
et al. (2006) demonstrate that LT and ET are not required for 
a full toxicity of Ames strain upon an inhalation administra- 
tion of spores. However, these studies provided no mechanistic 
interpretation of their results. 

We have been interested in investigation of the pathogenic 
mechanisms contributing to the LT-independent virulence with 
a particular focus on the contribution of B. anthracis nitric oxide 
(NO) synthase (baNOS). Similar to mammalian NOSs, the bac- 
terial homolog generates NO from L-arginine in the presence of 
oxygen (Sudhamsu and Crane, 2009; Crane et al., 2010). NO is 
a relatively unreactive free radical. Easy diffusion of NO through 
membranes (Denicola et al., 1996b) makes possible its interac- 
tions with intracellular targets. In the host cells, NO and other 
reactive nitrogen species (RNS) derived from NO participate 
in numerous biological events such as glycolysis, growth, signal 
transduction, stress response and maintenance of homeostasis by 
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S-nitrosylation of protein thiol groups and nitration of tyrosine 
residues (Habib and Ali, 2011). S-nitrosylation is a ubiquitous 
posttranslational, enzyme-independent, redox-sensitive modifi- 
cation that serves as a major effector of NO-mediated bio- 
chemistry regulating broad spectrum of proteins. NO can also 
react with superoxide (Oj - ) and form highly-toxic peroxynitrite 
(ONOO~) playing an important role in different inflammatory 
diseases. Peroxynitrite is formed during sepsis, inflammation, 
excitotoxicity, and ischemia-reperfusion of tissues, conditions 
under which the cellular production of NO and superoxide 
increase (Pacher et al., 2007), and participates in reactions related 
with the pathological expression of these processes. Peroxynitrite 
induces nitration of protein tyrosine residues (3-nitrotyrosine) 
resulting in modulation of catalytic activity, cell signaling, and 
cytoskeletal re-organization (Pacher et al., 2007). 

Available data indicate that baNOS plays an essential role in 
B. anthracis virulence through different mechanisms relevant to 
the early stage of disease involving interaction of bacteria with 
macrophages as well as the late, pre-mortal stage characterized 
by the interaction of pathogenic factors with non-phagocytic 
host cells. One of these mechanisms confers protection of B. 
anthracis from the host reactive species within macrophages by 
preventing DNA damage during the Fenton reaction of fer- 
rous ion with hydrogen peroxide (Shatalin et al., 2008). We 
recently reported that S-nitrosylation of mitochondrial proteins 
by baNOS-derived NO leads to depletion of the macrophage 
bioenergetics resulting in cell death (Chung et al, 2013). In 
agreement with these observations, the B. anthracis mutant 
with a deletion of baNOS gene is strongly attenuated in mice 
(Shatalin et al, 2008). 

Another LT-independent mechanism likely relevant to late- 
stage anthrax was demonstrated in experiments with non- 
phagocytic host cells exposed to pathogenic factors generated by 
B. anthracis Sterne and dSterne strains grown in microaerobic 
conditions (Popova et al., 2011). The Sterne strain is fully toxi- 
genic but attenuated due to the absence of capsule. The dSterne 
strain is a derivative of Sterne producing neither LT, ET nor 
the capsule. Compared to the fully aerobic cultures, the oxygen 
pressure in microaerobic cultures is reduced, but not completely 
abated, while the pressure of carbon dioxide is increased. It was 
found that the intoxication depends on the expression of the 
pore-forming hemolysin, anthrolysin O (ALO). The killing activ- 
ity of ALO is synergistically enhanced by the bacterial metabolite, 
succinic acid (SA), released from bacteria into environment as 
a result of anaerobic fermentation. Host cells exposed to bacte- 
rial culture supernatants (Sups), demonstrate the onset of acute 
oxidative stress, which can be attenuated by the mimetics of 
superoxide dismutase (SOD) and catalase, indicating the involve- 
ment of the superoxide radical or other reactive oxygen species 
(ROS). As a substrate of the mitochondrial complex II, SA can 
stimulate generation of ROS by the host cells in hypoxic condi- 
tions (Quinlan et al, 2012). The toxic role of ALO in this process 
likely consists in perforating the cytoplasmic membrane and cre- 
ating pores for the delivery of SA and other bacterial products into 
the target cells (Popova et al., 2011). 

However, the ALO-based mechanism contributes only to 
about a half of the Sups' toxicity as it follows from the effect of 



ALO inhibition by cholesterol (Popova et al., 2011). The partial 
protective effect of the iron porphyirin derivative, FeTPPS, used 
in previous studies to catalyze decomposition of peroxynitrite 
(Belik et al, 2010; Valez et al, 2012) indicates that this RNS may 
also play role in the toxicity of Sups. Due to the transient nature 
of peroxynitrite, it is difficult to observe it directly within the 
cells. In the conditions of oxidative stress, this unstable cytotoxic 
compound can be formed in the fast reaction of superoxide with 
NO derived from the host NOS or baNOS (Pacher et al, 2007). 
Another source of NO may consist in denitrification of nitrate or 
nitrite in the conditions of anaerobic respiration demonstrated 
for a number of bacterial species (Kraft et al., 2011; Bueno et al., 
2012). 

In this follow-up study, we thought to characterize the nature 
of cytotoxic species formed in Sups during a microaerobic growth 
of B. anthracis. We present evidence consistent with the notion 
that NO produced by baNOS can participate in the generation of 
B. anthracis toxicity to non-phagocytic cells through formation 
of peroxynitrite and its reaction products. During experimenta- 
tion with culture media used for bacterial growth we found that 
the presence of bovine serum albumin (BSA) potentiated the tox- 
icity of bacteria, and explored the mechanistic features of this 
phenomenon. The results indicate that BSA serves as a trap cap- 
turing and stabilizing a volatile NO produced by B. anthracis. 
We conclude that the role of NO in anthrax is not limited to 
its low-level production within macrophages. During infection 
the bacteria are likely to accumulate NO in circulation due to 
the high content of albumin in serum. In a hypoxic environment 
of the pre-mortal host accompanied by the presence of ROS the 
accumulated NO is expected to have a broad systemic impact on 
different cell types through cytotoxicity of its downstream prod- 
ucts and protein chemical modifications causing deterioration of 
host cell functions. 

MATERIALS AND METHODS 
REAGENTS 

All reagents including superoxide dismutase from E. coli, perox- 
idase from horseradish, catalase from bovine liver, rabbit anti- 
nitrotyrosine antibody, and 5,5'-dithiobis-2-nitrobenzoic acid 
(DTNB) were from Sigma- Aldrich. BSA was of >98% purity, 
essentially free from fatty acids and globulin. Amplex Red (AR) 
and Alamar Blue dyes were from Invitrogen. Anti-rabbit IgG, 
HRP-linked antibody was from Cell Signaling Technology. All 
cell culture reagents and formulated media were purchased from 
Mediatech, Inc., VA. Complete Serum-Free Medium® (CSFM) is 
a proprietary serum-free and low-protein formulation based on 
DMEM/F12, RPMI 1640, and McCoy's 5A. It does not contain 
any insulin, transferrin, cholesterol, growth or attachment fac- 
tors. The manufacturer indicates that the medium contains trace 
elements, high-molecular-weight carbohydrates, extra vitamins, 
a high-quality bovine serum albumin (1 g/1). Our analysis shows 
that it contains ca. 300 ixM nitrate. 

CELL CULTURE AND BACTERIAL STRAINS 

Primary human small-airway lung epithelial cells (HSAECs) 
were from Cambrex, Inc., MD. Cells were seeded at den- 
sity 2.5 x 10 4 /well and grown till confluence in DMEM/F12 
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medium supplemented with non-essential amino acids, pyru- 
vate, P-mercaptoethanol and 10% fetal calf serum at 37° C, 5% 
CO2 using 96-well culture plates. In challenge experiments the 
growth medium was removed, the cells were washed three times 
with warm HEPES-buffered saline (HBSS) and then incubated 
at 37°C, 5% C0 2 without shaking with 200|xl/well of Sups 
for 2h, unless specified otherwise. Viability of cells after chal- 
lenge was routinely determined using the redox dye Alamar Blue 
which is a water-soluble, non-toxic, fiuorometric/colorimetric 
growth indicator. Cellular growth and metabolism reduce the 
dye and change its color and fluorescence. Briefly, the cells were 
washed with HBSS, 100 u,l of Alamar Blue in CSFM were added, 
incubated with cells until the accumulation of sufficient signal 
(typically from 30 min to 1 h), and fluorescence was measured at 
530/584 nm. The metabolic activity of treated cells was calculated 
relative to mock controls. 

Sups were produced by inoculation of spores (final 6 x 10 6 
spores/ml) into the DMEM/F12 culture medium supplemented 
with non-essential amino acids, piruvate, glutamine, BSA, and 
5 (jlM nitrate (complete DMEM/F12), unless indicated otherwise. 
The cultures were incubated at 37°C, 5% CO2 in 12-well tis- 
sue culture plates in static conditions or with shaking for 24 h. 
Bacterial growth was measured by optical density at 600 nm 
(OD600) using 96-well plates and 200 \i\ of suspension per well. 
Bacteria were removed by centrifugation, and Sups were sup- 
plemented with 100|ig/ml of streptomycin and lOOU/ml of 
penicillin to exclude growth of any contaminating bacteria. 

The Sterne strain 34F2 (pX01 + , pX02~) was obtained from 
the Colorado Serum Co. (Boulder, CO). The generation and char- 
acterization of the plasmidless delta Sterne strain were described 
in (Bradburne et al., 2008). The spores of B. anthracis strains were 
prepared as described (Popov et al., 2002). 

In the experiments with L-NAME, different concentrations of 
the inhibitor were made by mixing 1 M stock solution in water 
with a complete DMEM/F12 buffered with 50 mM HEPES to 
maintain a uniform pH of 6.95-7.0 of all mixtures. 

REVERSE TRANSCRIPTASE-POLYMERASE CHAIN REACTION (RT-PCR) 

Bacteria were cultured in DMEM containing 10% fetal calf serum 
and 2 mM glutamine at 37° C, 5% CO2 incubator without agita- 
tion or with agitation at 200 rpm. Trizol solution with bacterial 
enhancement reagent (Invitrogen) was used to isolate total RNAs 
from B. anthracis. Random primed cDNA was prepared from 1 |xg 
of total bacterial RNA using Superscript II reverse transcriptase 
(Invitrogen). Semi-quantitative PCR of the cDNA was performed 
using Platinum Supermix (Invitrogen) and primers specific for 
bNOS [5'CTT GTC TTT CCA TAA TGT ACC (sense) and 5'TAA 
ATA TGC AAC GAA CCA CG (antisense)] to yield a 540-bp 
amplicon. 

MASS SPECTROMETRY 

The Sups were dried with SpeedVac, reconstituted in 8 M urea, 
reduced by 10 mM DTT for 30 min, alkylated by 50 mM iodoac- 
etamide for 30 min, and digested by trypsin at 37°C overnight. 
Tryptic peptides were further purified by Zip-Tip (Millipore) and 
analyzed by LC-MS/MS using a linear ion-trap mass spectrom- 
eter (LTQ, Orbitrap). After sample injection, the column was 



washed for 5 min with mobile phase A (0.4% acetic acid) and pep- 
tides eluted using a linear gradient of 0% mobile phase B (0.4% 
acetic acid, 80% acetonitrile) to 50% mobile phase B in 30 min at 
250 nl/min, then to 100% mobile phase B for an additional 5 min. 
The LTQ mass spectrometer was operated in a data-dependent 
mode in which each full MS scan was followed by five MS/MS 
scans where the five most abundant molecular ions were dynam- 
ically selected for collision-induced dissociation using a normal- 
ized collision energy of 35%. Tandem mass spectra were searched 
against SEQUEST database using tryptic cleavage constraints. 
High -confidence peptide identifications were obtained by apply- 
ing the following filters to the search results: cross-correlation 
score 1.9 for 1+, 2.2 for 2+, 3.5 for 3+ ions, and a maximum 
probability for a random identification of 0.01. 

AR ASSAY 

The enzymatic determination of hydrogen peroxide can be 
accomplished with high sensitivity and specificity using Amplex® 
Red (N-acetyl-3,7-dihydroxyphenoxazine, AR), a highly sensitive 
and chemically stable fluorogenic probe. Enzyme-catalyzed oxi- 
dation of AR, which is a colorless and non-fluorescent derivative 
of dihydroresorufin, produces highly fluorescent resorufin, which 
is detected by absorbance at 571 nm. 

The experiments with AR measured the accumulation of 
resorufin in bacterial cultures grown as described above. AR and 
horseradish peroxidase (HRP) were added to culture medium 
prior to incubation at final concentrations of 0.1 mM and 
0.2 U/ml, respectively. Samples of cultures were taken at spe- 
cific time points, the bacteria were pelleted by centrifugation 
at 10,000 g for 5 min, and absorbance of Sups was read at 
571 nm. The results in particular cultivation conditions demon- 
strated a satisfactory reproducibility between independent exper- 
iments. However, we detected some variation in the shape 
of the accumulation curves depending on the culture plate 
well size, volume and nature of medium in the wells likely 
caused by disturbance in the gas-liquid exchange of the volatile 
reaction products such as NO, NO2 upon handling of the 
microaeroibic cultures. 

PREPARATION OF MODIFIED BSA 

Sodium nitrite (400mg/ml) was acidified to pH 5 using 0.5 M 
HC1, and mixed with equal volume of BSA solution (200 mg/ml 
in water). The mixture was incubated for 1 h at room temper- 
ature in the dark, and the protein was precipitated with four 
volumes of ice-cold acetone. After incubating at minus 20° C for 
20 min the protein was pelleted, washed 4x with 70% acetone, air 
dried and resuspended in 100 mM HEPES, 1 mM EDTA, 0.1 mM 
neocuproine, 1% Tween 20, pH 7.5. 

The SH content of BSA was determined using a thiol-specific 
Ellman's reagent (DTNB) as described by the manufacturer. 

STATISTICAL ANALYSES 

All measurements were made in triplicates, and all experiments 
were repeated at least twice with consistent results. Error bars 
in the figures indicate standard deviations (n = 3) or 95% con- 
fidence intervals (two-tail f-test). 
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RESULTS 

BSA INCREASES ACCUMULATION OF NO REACTION PRODUCTS AND 
THE TOXICITY OF Sups 

The microaerobic cultures of the toxigenic (Sterne) and non- 
toxigenic (dSterne) strains upon their static growth on top of 
the HSAEC monolayers in the atmosphere of 5% CO2 demon- 
strate an acute cytotoxicity. The bacterial factors responsible for 
the toxicity are present in the bacterial culture supernatants 
(Sups) grown until late stationary phase (>20h) (Popova et al., 
2011). To elucidate contribution of baNOS to the toxicity of 
Sups we characterized the production of NO by this enzyme. 
We first demonstrated using RT-PCR that both strains expressed 
the baNOS gene in the stationary phase of growth (Figure 1A). 
Next, we analyzed Sups for accumulation of NO in the form of 
its end oxidation products, nitrite and nitrate. To avoid mask- 
ing of the released nitrite/nitrate by the nitrate concentration in 
the culture medium such as CSFM (which contains ca. 300 u,M 
nitrate), we used DMEM/F12 medium with low nitrate content 
{ca. 0.1 u,M). In the aerated cultures of both strains the concen- 
tration of nitrite/nitrate did not exceeded a few u,M, but strongly 
increased in the case when the medium was supplemented with 



BSA (Figure IB). This increase was not accompanied by the 
increased transcription of baNOS (Figure 1A, left and right pan- 
els). The inhibitor of NOS (L-N m -nitroarginine methyl ester, 
L-NAME) reduced the nitrite/nitrate content to the background 
level. These observations demonstrated that the accumulation of 
nitrite/nitrate resulted from the NO-generating activity of baNOS 
in the presence of BSA and suggested that the enhancing property 
of BSA might contribute to the toxicity of Sups. We tested the via- 
bility of HSAECs after incubation with Sups of bacterial cultures 
grown in the microaerobic conditions in the presence of differ- 
ent concentrations of BSA. Figure 2 shows a profound decrease of 
the HSAEC viability dependent on the concentration BSA in cul- 
ture medium upon incubation with dSterne Sups. Similar results 
were obtained with the Sterne strain (not shown). The presence 
of BSA did not result in substantial changes of the optical den- 
sities of cultures (ODgoo 0.30 ± 0.06 SD, n = 5). Therefore, the 
effect of BSA could not be attributed just to the larger number of 
bacteria. Instead, the increased acidity of Sups indicated changes 
in the production of acidic metabolic products (Figure 2). 

B. anthracis MICROAEROBIC CULTURES GENERATE NO-DERIVED 
OXIDANTS 

To explain the enhancing effect of BSA on the toxicity of Sups 
we suggested that BSA might trap a volatile and highly diffusible 
NO as intermediate product(s) of chemical reactions with the 
protein side groups (Denicola et al., 1996b; Hakim et al., 1996; 
Pacher et al, 2007; Foster et al, 2009). It is also known that the 
BSA hydrophobic interior can reversibly absorb NO, thus decreas- 
ing its dissipation from solution and increasing the rate of NO 
autoxidation into intermediate species such as N2O3 or NO2 
(Rafikova et al., 2002) (Figure 3). In the presence of a sufficient 
amount of superoxide, which may originate in Sups during bac- 
terial growth from various sources including the leakage of the 
respiratory chain (Gonzalez-Flecha and Demple, 1995; Messner 
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FIGURE 2 I Supplementation of complete DMEM/F12 culture medium 
with BSA increases the toxicity of Sups of dSterne cultures grown in 
microaerobic conditions for 24 h. HSAECs were exposed to Sups for 2 h. 
Untreated cells served as control. ODgoo of Sups was measured in 96-well 
plate reader (200 ijl I per well). Error bars indicate 95% confidence intervals. 
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FIGURE 1 | BaNOS is expressed in aerated and static cultures, which 
accumulate nitrate/nitrite as trace products of NO in the presence of 
BSA. (A) RT-PCR of baNOS mRNA in different culture conditions. Left and 
middle panels compare the aerated and static conditions. Left and right 
panels show the effect of BSA (1 mg/ml). Aerated culture was grown in 2 ml 
of medium per well of a 6-well plate at 300 rpm at 37°C, 5% CO2 for 20 h. 
Static culture was grown in 10 ml of complete DMEM/F12 medium per well 
of a 6-well plate without shaking at 37°C, 5% C0 2 for 20 h. 12.5 ng of 
bacterial RNA isolated with the TrizolMax kit (Invitrogen) were used per 
50|il reactions in 38 PCR cycles. No bands were detected in the negative 
controls without the RT step (not shown). (B) Cultures were growth in 5 ml 
of DMEM/F12 medium per well of a 12-well plate with shaking at 200 rpm 
at 37°C, 5% CO2 for 24 h. Cultures were supplemented with BSA (1 mg/ml) 
and/or NO-synthase inhibitor L-NAME (10 mM). Nitrite/nitrate concentration 
was measured with a colorimetric assay kit (Cayman Chemical). Error bars 
indicate 95% confidence intervals. 
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and Imlay, 1999, 2002; Drose and Brandt, 2012), the trapped 
NO will be quickly converted to peroxynitrite and its decompo- 
sition products (Reaction 4 in Figure 3). The ROS/NOS could 
also be released from the Sup-exposed host cells (Popova et al., 
2011). These reactive species in turn can rapidly oxidize a num- 
ber of biological compounds, such as thiols, which can act as 
RNS/ROS scavengers (Pacher et al, 2007; Wouters et al, 2011). 
In agreement with these considerations, incubation of Sups with 
DTT or cysteine decreased the Sups' toxicity toward HSAECs 
(Figure 4). 

To elucidate the nature of reactive species in Sups formed 
during bacterial growth we used the properties of various dyes 
to form characteristic products upon interaction with ROS and 
RNS. Amplex Red (10-Acetyl-3,7-dihydroxyphenoxazine, AR) 
is a sensitive dye typically used to detect hydrogen peroxide 
(H2O2) due to the formation of a highly fluorescent and col- 
ored product resorufin in the presence of horseradish peroxidase 
(HRP) (Zhou et al., 1997). This enzyme can also catalyze rapid 
oxidation of the dye by ONOCP (formed in reaction of NO 
with superoxide, Oj _ ) in the presence or absence of carbon 
dioxide (Floris et al., 1993). However, distinguishing between 
peroxynitrite and H202-dependent mechanisms can be done 
based on the effect of inhibitors (e.g., L-NAME, superoxide 
dismutase, and catalase). The assay is quite specific regarding 
the nature of the oxidant and does not generate significant 
amounts of fluorescent products when exposed to 100 \iM HOC1, 



xanthine/oxidase-generated Oj - , an anaerobic NO or H2O2 in 
the absence of HRP (Palazzolo-Ballance et al., 2007). 

To reliably detect transient reactive species we used a cumula- 
tive experimental setup in which AR and HRP were present in the 
medium during the whole period of bacterial growth. Aliquots 
of bacterial culture were withdrawn at certain time points, bac- 
teria pelleted, and the Sups analyzed spectrophotometrically. The 
data in Figure 5 show that upon growth in static cultures both the 
toxigenic Sterne and the non-toxigenic dSterne strains were able 
to oxidize a colorless AR into a red-colored resorufin detected by 
absorbance in culture medium seeded with the indicated amount 
of spores. Accumulation of resorufin due to the release of oxidants 
took place in the spore dose-dependent manner and was followed 
by a gradual decline. In order to elucidate the mechanism behind 
the decline we first demonstrated that addition of H2O2 to Sups 
during the declination phase resulted in the appearance of color 
in accordance with the calibration curve obtained for H2O2. This 
indicated that the assay was able to respond to the additional 
oxidant and its components were not depleted (not shown). On 
the other hand, it is known that peroxidases can further oxidize 
resorufin into a colorless product (Towne et al., 2004). Therefore, 
we tentatively attributed this effect to the activity of HRP and lim- 
ited our observations to the initial ascending parts of the curves. 
We found that Sterne strain was more productive than dSterne 
(Figure 5A), and control experiments without bacteria in static 
conditions with and without AR and HRP demonstrated only 
a low background level of oxidation. In contrast, aeration of 
the medium containing AR and HRP without bacteria caused a 
strong gradual oxidation of the dye which is known to be sen- 
sitive to air (Figure 5C). In these conditions, the growing Sterne 
bacteria did not oxidize AR and even reduced it below the back- 
ground level (Figure 5C) while dSterne bacteria had smaller effect 
(not shown). This result reaffirmed that the decreased amount 
of available oxygen in static cultures served as a critical factor in 
controlling the generation of oxidizing species by B. anthracis. 

EFFECTS OF CATALASE AND SOD ARE CONSISTENT WITH THE 
TRANSIENT FORMATION OF PEROXYNITRITE 

To distinguish between the release of H2O2 and other oxidants 
like peroxynitrite, the test was supplemented with catalase (up to 
20u,g/ml). The Sterne strain in the presence of catalase showed 
the intensity of resorufin indistinguishable from the bacteria 
without catalase (Figure 6A) thus excluding H2O2 as the reac- 
tive species generated by B. anthracis. On the other hand, it 
was reported that HRP can use peroxynitrite as substrate in the 
catalase-insensitive process (Floris et al., 1993). Experiments with 
the addition of 10 U/ml of E. coli Mn-superoxide dismutase (Mn- 
SOD) strongly inhibited oxidation. This effect, however, cannot 
be interpreted as evidence of the direct interaction of superox- 
ide radical with SOD because the dismutation product, H2O2, 
would readily react with AR thus maintaining its oxidation at the 
same level (Zielonka et al., 2012). It is also considered unlikely 
that SOD would be able to compete effectively with the extremely 
fast conversion of superoxide into peroxynitrite in the presence 
of NO (Pacher et al., 2007). Therefore, we favor the mechanism 
in which Mn-SOD is involved in a direct catalytic inactivation of 
peroxynitrite (Quijano et al, 2001; Surmeli et al., 2010). 
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FIGURE 3 I Schematic of biologically relevant chemical reactions of NO 
with oxygen and superoxide radical summarizing results of Ford et al. 
(1993), Wink et al. (1993), Goldstein and Czapski (1995), Kharitonov 
et al. (1995), Goldstein et al. (1998), Espey et al. (2002a), Lancaster 
(2006), Lewis and Deen (1994), and Goldstein and Grabski (1995). In 
the presence of oxygen, NO is autooxidized to NO2 which can further react 
with NO to form N2O3 (Reactions 1-3). Reaction 1 is much slower in 
comparison with Reaction 4 which takes place in the presence of 
superoxide and results in the formation of peroxynitrite. The latter is 
unstable and decomposes with the formation of NO2 and hydroxyl radical 
which is able to quickly recombine with NO. Peroxynitrite can be rapidly 
consumed by CO2 to form the unstable nitrosoperoxocarbonate 
(ONOOCOj ) (reaction 8) ultimately decomposing into NO2, nitrate and 
carbonate. As a result, NO2 accumulates as a major toxic species before its 
conversion to stable nitrite. The nitrate and nitrite can be metabolized for 
respiration in hypoxic conditions or biosynthesis. The stoichoimetric 
coefficients are not shown. 
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FIGURE 4 | Antioxidant treatment of Sups protects HSAECs. The 

dSterne Sups grown in complete DMEM/F12 were incubated with 5mM 
DTT for 30 min (A) or indicated concentrations of cysteine for 1 h (B). 
HSAECs were exposed to the treated Sups for 2h and the viability of 



ACTIVITY OF baNOS IS INVOLVED IN THE PRODUCTION OF OXIDIZING 
AND TOXIC SPECIES IN SUPS 

One might expect that the formation of peroxynitrite or other 
NO-derived RNS should depend on the activity of baNOS as a 
major source of NO. Indeed, addition of L-NAME to the cul- 
ture medium strongly reduced the oxidation of AR (Figure 6B). 
We also tested if the reduced oxidation in the presence of baNOS 
correlated with the reduced toxicity of Sups to HSAECs. The cul- 
ture media were supplemented with different concentrations of 
L-NAME and inoculated with equal amounts of dSterne spores. 
The static cultures were grown for 24 h. It was found that inhi- 
bition of baNOS affected the bacterial growth and increased the 
generation of acidic products (Figure 7). The mechanism of this 
effect has not been reported and the nature of the metabolic 
changes is currently unknown. To compare Sups grown in the 
presence and absence of L-NAME in the viability test we wanted 
to exclude the unspeciiic effect of pH differences between them 
which would mask the contribution of other Sup components. 
However, the reduced pH is important for the toxicity of Sups 
which become non-toxic when titrated to pH > 6 (Popova et al., 
2011). Therefore all samples were titrated with a small volume of 
NaOH to the acidity of Sups without L-NAME (pH 5.1). In these 
conditions the initial assayed concentration of L-NAME (10 mM) 
slightly decreased the viability of untreated and treated HSAECs; 
however, the viability relative to the corresponding controls with- 
out and with L-NAME remained statistically unchanged (mean 
± 95% CI were 58 ± 7% vs. 48 ± 9%, correspondingly). Higher 
concentrations of L-NAME caused a strong protection up to the 
level of control cells treated with L-NAME only (Figure 7). 

One caveat of the above experiments was that during the via- 
bility test the L-NAME present in Sups might potentially inhibit 
the host cell NOS along with the baNOS. To clarify this possibility, 
HSAECs were pre-incubated with L-NAME for 1 h, the inhibitor 
was removed, and the cells were exposed to the Sups of cultures 
grown without L-NAME. In contrast to the effect of L-NAME 
on bacteria, the viability of HSAECs was decreased considerably, 
indicating the protective effect of the host NOS against the toxic 
substances of Sups. 



Cysteine (p.M) 

cells was tested using Alamar Blue. In control experiments, addition of 
Cys had no effect on viability of untreated cells, and no cytoprotection 
was detected with other L- amino acids tested (Val, Leu, Ala) (not 
shown). Error bars indicate 95% confidence intervals. 



TYROSINE NITRATION AND OXIDATION OF DIHYDR0RH0DAMINE 123 
(DHR) CONFIRM GENERATION OF PEROXYNITRITE 

Current methodologies for detection of peroxynitrite are based 
on the reactions of radical species formed from its decompo- 
sition. The formation of nitrotyrosine (TyrN02) from tyrosine 
residues of proteins is commonly considered as evidence of the 
transient peroxynitrite presence resulting in the release of intra- 
cellular 'N02 (Pacher et al, 2007; Ferrer-Sueta and Radi, 2009). 
The results of the AR/HRP test showed that the addition of BSA 
to the culture medium resulted in a partial consumption of the 
RNS formed in the Sups (Figure 8A) indicating that BSA could 
be a convenient substrate to detect possible reactions of Tyr nitra- 
tion. Therefore we analyzed the chemical modification of BSA in 
the dSterne Sup by western blotting with anti-TyrN02 antibodies. 
We detected a band corresponding to the nitrated BSA in the Sups 
(Figure 8B) but not in the original medium. As a positive control 
we used a partial nitration of BSA by an acidified sodium nitrite 
which accompanies the main reaction of protein S-nitrosylation 
[Stamler et al. (1992) and our data presented below]. 

DHR serves as a sensitive fluorogenic probe for peroxynitrite- 
derived RNS (NO2, hydroxyl radical OH', or carbonate radical 
CO;,~) (Wrona et al, 2005; Zielonka et al, 2012). Initial exper- 
iments with DHR added to the bacterial cultures growing in 
complete DMEM/F12 demonstrated a strong quenching the DHR 
signal; therefore, a modified protocol was used. Bacteria grown 
for a certain period of time were pelleted, washed with PBS, finally 
resuspended in PBS containing DHR and incubated at 37° C, 5% 
CO2 for the appearance of fluorescence. Figure 8C shows that 
bacteria-generated species were able to convert DHR into fluores- 
cent product indicating the transient formation of peroxynitrite, 
which is unlikely to accumulate in Sups due to its short lifetime. 

BSA CYSTEINE RESIDUES ARE NOT IN INVOLVED IN THE GENERATION 
OF TOXICITY 

Cys-34 is one of the BSA residues highly susceptible to various 
chemical modifications by ROS and RNS, because it is located 
in the hydrophobic cavity formed by the protein tertiary struc- 
ture and is not involved in the formation of disulfide bridges 



Frontiers in Cellular and Infection Microbiology 



www.frontiersin.org 



May 2013 | Volume 3 | Article 16 | 6 



St. John et al. 



Nitric oxide toxicity in anthrax 




0123456789 1011 
Time(h) 

B 




0123456789 1011 
Time(h) 

c 




0 1 23456789 1011 12 



Time(h) 

FIGURE 5 | B. anthracis generates oxidizing species in microaerobic 
cultures. Medium was seeded with spores, and cultures were grown 
at 37°C, 5% C0 2 in the presence of 0.2U/ml HRP and 100 iaM 
Amplex Red (AR). Samples of bacterial suspensions were withdrawn 
at indicates times. Bacteria were pelleted for 5min and absorbance of 
Sups was read at 571 nm. (A) Comparison of Sterne and dSterne 
strains. Cultures were seeded into 5 ml of CSFM per a well of a 
12-well plate at 6.0 x 10 6 spores/ml and grown without shaking. 
(B) Dose dependence of AR oxidation by dSterne strain seeded at 
the indicated number of spores/ml grown as in (A). In comparison 
with (A), bacterial suspensions in (B) were mixed 1:1 with 1M 
Tris-HCI. pH 7.4, to correct for the possible effect of pH change on 
the absorbance of resorufin. (C) Comparison of static and aerated 
cultures for Sterne strain. Cultures were grown in 6-well plates 
seeded at 6.0 x 10 6 spores/ml. For aeration the plates were shaken at 
200 rpm. Error bars indicate standard deviations (n = 3). 



with other Cys residues of the protein (Christodoulou et al., 
1995; Rafikova et al., 2002). Serum albumin isolated from plasma 
contains only about 65% of reduced thiol (King, 1961; Era 
et al., 1995). The oxidized portion of Cys-34 was thought to 
be in a mixed disulfide form, mostly with cysteine, cysteinyl- 
glycine (Cys-Gly) (a degradation product of glutathione), and 
glutathione (GSH) to a lesser extent (King, 1961; Yasuhara 
and Nokihara, 1998). It has been previously suggested that the 
thiol content of serum albumin is important for the transport 
and stabilization of NO through the formation of intermediate 
nitrosothiol derivatives (Foster et al., 2009). 

Our results of AR test presented above showed that B. 
anthracis microaerobic cultures represent an oxidizing environ- 
ment. Therefore we expected that the free thiol groups of Cys-34 
would be oxidized or otherwise chemically modified during the 
bacterial growth and wanted to test if such modifications would 
contribute to the toxicity of Sups. First, we tested the viability of 
HSAECs after incubation of the BSA with acidified nitrite, which 
results mainly in the S-nitrosylation of Cys-34 (Stamler et al., 
1992). There was only a marginal effect of nitrosylated BSA on cell 
viability detected at the concentration of 8 mg/ml at the pH 7.4 
corresponding to the culture medium or pH 5.3-5.5 correspond- 
ing to Sups (Figure 9). This result excluded S-nitrosylation from 
the candidate BSA modifications resulting in the generation of 
toxic species in the Sups and suggested a protective contribution 
of free thiols due to partial consumption of NO in this reaction. 

To test the above suggestion, we increased the free-thiol con- 
tent of BSA by reducing it with 5 mM DTT for 30 min followed 
by an extensive dialysis against PBS. The SH content of BSA 
determined using a thiol-specific Ellman's reagent (5,5'-dithiobis- 
2-nitrobenzoic acid, DTNB) was increased two-fold after the DTT 
treatment (to about 90% of total Cys-34), but the Sup prepared 
using this BSA was found to be less toxic than the one with 
the untreated BSA (Figure 10). However, this effect cannot be 
attributed solely to the chemical reactivity of SH groups. The cul- 
tures supplemented with the reduced BSA had almost a three-fold 
reduction in bacterial growth and a decreased acidity in com- 
parison with the non-reduced BSA (data not shown) indicating 
substantial metabolic changes in the reduced environment. 

Finally, we chose to block Cys-34 residues by N- 
ethylmaleimide (NEM) and compare the toxicity of Sups 
supplemented with the modified and unmodified BSA. After the 
NEM treatment the free-thiol content of the BSA dropped to 
<5%, compared with the amount found in the unmodified BSA. 
The cultures with the modified and unmodified BSA showed 
no substantial differences between each other in the growth of 
bacteria, final pH, and the toxicity of Sups (Figure 10). Overall, 
we concluded that free SH groups of BSA were not required for 
the accumulation of toxicity during bacterial growth and even 
partially antagonized it similar to the effects of DTT and cysteine 
after incubation with Sups (Figure 4). 

MASS SPECTROSCOPY (MS) ANALYSIS OF BSA MODIFICATION 
PRODUCTS IN SUPS CONFIRMS THE PRESENCE OF NO-DERIVED 
CHEMICAL MODIFICATIONS 

For the MS analysis we used the Sterne Sup grown in CSFM. This 
medium contains 1 mg/ml of BSA. The Sups were treated with 
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FIGURE 6 | SOD and L-NAME but not catalase inhibit oxidation of 
AR during bacterial growth in microaerobic conditions. (A) Effect of 
SOD and catalase. In the presence of catalase (20(ig/ml) the response 
is indistinguishable from that of Sterne strain only. (B) Effect of 
L-NAME. Sups were prepared by growing bacteria in static conditions at 
37°C, 5% C0 2 in 24-well plate containing 1.5 ml of DMEM/F-12 medium 
per well (A) or 12-well plate containing 5ml of DMEM/F12 medium per 
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well (B). Spores were seeded to a final concentration of 6 x 10 6 /ml. 
SOD, HRF; AR, and L-NAME final concentrations were 10U/ml, 0.2U/ml, 
0.1 mM, and 10mM, correspondingly. Before spectrophotometric 
measurements, bacteria were pelleted by centrifugation and Sups were 
diluted 1:1 with 10 x PBS, pH 7.4, to exclude the effect of pH change 
on the absorbance of resorufin. Error bars indicate standard deviations 
(n = 3). 
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FIGURE 7 | Inhibition of baNOS with L-NAME decreases toxicity of 
Sups to HSAECs. Static cultures of dSterne strain were grown in complete 
DMEM/F12 as described in Materials and Methods with or without the 
indicated concentrations of L-NAME. The table shows the ODs and pHs of 
24-h cultures. The Sups were added for 2 h to HSAECs pretreated or not with 
the indicated concentrations of L-NAME for 1 h, and the viability of the cells 
was assayed with Alamar Blue. Controls included the culture medium with 
L-NAME without bacteria. All tested samples were titrated with HCI to the pH 
5.1 of Sups without L-NAME. Error bars indicate 95% confidence intervals. 



trypsin, and the peptide fragments with S-nitrosylatedCys and 
nitrated Tyr were identified by the LC-MS/MS. Controls included 
the untreated BSA as well as the BSA modified with sodium nitrite 
in acidic conditions. Table 1 shows that the nitrite-modified BSA 



digest contained a single S-nitrosylated, Cys-34-containing pep- 
tide along with several Tyr-nitrated ones. The static Sterne culture 
demonstrated selective S-nitrosylation of Cys-34 and nitration 
of Tyr-30. No nitration was found in the aerated culture, which 
might reflect a reduced amount of peroxynitrite formed in com- 
parison with the hypoxic conditions of static culture in agreement 
with the AR test results (Figure 5C). However, S-nitrosylation of 
Cys-34 was still detectable, indicating that peroxynitrite was not 
required for this reaction. 

OXIDATION OF SUPS WITH PERMANGANATE ABROGATES TOXICITY 

Peroxynitrite is a strong oxidant [E^ 1.4 v for ONOO^/NO^ 
(Zakharova et al., 2007)]. However, the many of its biological 
effects can be due to the reactions of its decomposition product, 
N0 2 (Pacher et al, 2007) [E^ 0.8 v for N0 2 /NO~ (Standard elec- 
trode potential data)]. We suggested that an oxidant stronger than 
peroxynitrite and NO2 will be able to abrogate Sup toxicity by 
converting these species to a non-toxic nitrate. Permanganate is 
the oxidant capable of eliminating both peroxynitrite and NO2 in 
close to neutral conditions [E' Q 1.7 v for MnO^ /Mn0 2 (Standard 
electrode potential data)]. It has been previously used for a chem- 
ical titration of the peroxynitrite solutions (Sturzbecher et al., 
2007). We incubated dSterne Sups with a range of potassium per- 
manganate concentrations for 1 h and found a strong protection 
of HSAECs from Sup toxicity at >0.1 mM KMn0 4 (Figure 11). 
The permanganate itself cased only a relatively small decrease in 
cell viability. 

DISCUSSION 

In this study we further elucidated the recently discovered mech- 
anism of B. anthracis toxicity toward the host cells which requires 
a hypoxic environment for bacterial growth and an accumula- 
tion of acidic metabolic products (Popova et al., 2011). We show 
that B. anthracis was able to generate micromolar concentrations 
of NO in the process sensitive to the baNOS inhibitor, L-NAME 
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FIGURE 8 | Bacterial growth in microaerobic conditions generates 
oxidizing species with the properties of PN. (A) BSA inhibits the 
oxidation of AR catalyzed by HRP in dSterne cultures grown as in Figure 6 
in 12-well plates with the addition of 1 mg/ml of BSA in DMEM/F12 
medium. (B) Western blot of dSterne Sups, unmodified BSA, and nitrated 
BSA (nBSA) using anti-nitrotyrosine antibodies. Sups were prepared by 
inoculation of dSterne spores (final concentration of 6 x 10 6 spores/ml) into 
DMEM/F12 with 1 mg/ml of BSA. After 24 h, bacteria were removed by 
centrifugation and gel electrophoresis was performed followed by 
membrane transfer. Anti-rabbit HRP-linked secondary antibody was used. 
Sup and BSA lanes are identical duplicates. (C) Fluorescence of DHR 
indicates the release of peroxynitrite in B. anthracis cultures. Bacteria 
grown statically for 18 h in complete DMEM/F12 medium were pelleted, 
washed with PBS, resuspended in PBS containing DHR, and incubated at 
37°C, 5% CO2 for the indicate periods of time for detection of fluorescence 
at 500/540 nm. Error bars indicate 95% confidence intervals. 



(Figure 2). Unexpectedly, we found that accumulation of the 
nitrite/nitrate (as products tracing the presence of NO) required a 
supplementation of the culture medium with BSA. We suggested 
that this effect reflects the property of BSA to absorb NO into the 
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FIGURE 9 | Nitrosylated BSA (NO-BSA) is not acutely toxic. HSAECS 
were incubated with NO-BSA at indicated concentrations and pH for 2 h in 
DMEM/F12 medium, and the viability of HSAECs was tested using Alamar 
Blue. Error bars indicate 95% confidence intervals. 
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FIGURE 10 I Blocking of free SH groups of BSA does not reduce the 
toxicity of dSterne Sup grown in the presence of BSA. The protein was 
dissolved in 10 ml of PBS, treated with 5 mM DTT for 30 min, and then 
dialyzed against two changes of 1 I of PBS for 24 h. The reduced BSA was 
then modified by NEM (125 m-M) for 1 h at 37°C and dialyzed against two 
changes of 1 I of PBS overnight. The modified and mock-treated BSA was 
used to supplement the DMEM/F1 2 medium at 2 mg/ml. Bacterial cultures 
were grown for 24 h and Sups were tested for toxicity using HSAECs and 
the Alamar Blue viability assay. Error bars indicate 95% confidence 
intervals. 



hydrophobic interior of its globule and thus facilitate the autox- 
idation of NO in the presence of oxygen (Rafikova et al., 2002). 
Estimates show that the acceleration effect due to the increased 
concentrations of reactants can reach > 10 4 times (Rafikova et al., 
2002). Although the fine details of the oxidation mechanism are 
still disputed, all authors agree that NO2 is an intermediate Ford 
et al, 1993; Lewis and Deen, 1994; Goldstein and Czapski, 1995; 
Kharitonov et al., 1995; Lancaster, 2006) which can be formed in 
several reactions (Figure 3). Further interaction of NO with NO2 
can give rise to N2O3. However, the latter species can be present 
only at very low concentrations compared to NO2 (Espey et al., 
2002a), which is known to be an active oxidant of a number of 
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Table 1 | Chemical modifications of BSA identified in Sups of B. anthracis Sterne cultures grown in CSFM*. 



Sample 


Peptides with S-nitrosylation 


Peptides with Tyr-nitration 


Untreated BSA 


None 


None 


Nitrite-treated BSA (positive control) 
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Static culture 
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Aerated culture 


G LVLI AFSQYLQQC#PFDEHVK 


None 



*CSFM contains 1 mg/ml of BSA. 
# Indicates S-nitrosylation. 
@ Indicates Tyr nitration. 
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FIGURE 11 | Permanganate treatment reduces the toxicity of dSterne 
Sup. The indicated concentrations of KMnC>4 were added for 1 h to the Sup 
grown in CSFM for 24 h, and toxicity of the treated Sup was tested after 
incubation with HSAECs for 2 h. Error bars indicate 95% confidence intervals. 



biological species including sulfhydryl compounds (Wink et al., 
1993; Goldstein and Czapski, 1995). Therefore the process of BSA 
interaction with NO in the presence of oxygen will likely involve 
chemical reaction of NO or NO2 with the BSA side chain groups, 
such as the free thiol group of Cys-34. According to (Rafikova 
et al., 2002), about 5% of the absorbed NO becomes converted 
to a relatively stable S-nitrosoalbumin. Literature data (Ishima 
et al., 2009) and our experiments (Figure 9) show that these BSA 
derivatives are not acutely toxic and are expected to act as NO2 
sinks, removing a portion of oxidant from the system. Similar 
reactions can explain the effect of free Cys or DTT on the Sup 
activity (Figure 4). However, the generation of the NO-related 
toxicity by bacteria overwhelms the effect of free BSA thiols (and 
possibly other reactive protein groups). 

Regardless of the reactive intermediates involved, nitrosation 
via NO autoxidation may be the dominant route when relatively 
high rates of NO formation occur in the presence of oxygen with- 
out significant O^ generation (Wink et al., 1993; Liu et al., 1998; 
Espey et al., 2001). In contrast, the formation of peroxynitrite 



may chiefly prevail under conditions where 0 2 is present, but not 
in great excess of NO (Pacher et al., 2007; Zielonka et al., 2012) 
(Reaction 4). The rapid reaction between O^ and NO (Koppenol 
et al, 1992; Goldstein and Czapski, 1995; Kissner et al, 1997) 
has prompted numerous investigators to focus on peroxynitrite 
and the roles it may play in oxidation and nitration of susceptible 
molecules (Radi et al., 2001). The protonated peroxynitrite anion 
can decompose leading to secondary formation of other oxidants, 
chiefly NO2 and hydroxyl radical (OH', reaction 5) (Koppenol 
et al., 1992; Kissner et al, 1997; Goldstein et al., 1998). While N0 2 
is capable of permeating cells (Liu et al., 1998; Espey et al., 2002b), 
it is likely that the highly reactive OH' molecule would not have 
sufficient lifetime for diffusion into the cell and will recombine 
with NO to form a stable nitric acid (reaction 6) (Espey et al., 
2002a). 

An important facet to consider in the biochemistry of NO 
and 0 2 ~ is the influence of CO2 on this system. Several groups 
(Denicola et al., 1996a; Lymar et al., 1996; Jourd'heuil et al., 
1999; Romero et al., 1999; Khairutdinov et al, 2000; Zhang 
et al., 2001) have demonstrated that ONOO~ can be rapidly 
consumed by CO2 to form the CO2 adduct nitrosoperoxo- 
carbonate (ONOOCO^) (reaction 8). This reaction pathway 
would circumvent the putative homolysis of ONOOH to NO2 
(Reaction 5) and 'OH in favor of ONOOCO^ decomposition 
into NO2 and carbonate radical (CO3", Reaction 9). The CO2 
reaction pathway may result in an enhanced level of NO2 for- 
mation relative to that produced by alternate routes of perox- 
ynitrite catabolism. The literature data argue against ONOO~, 
ONOOH or ONOOCO^ as significant cell permeable species 
relative to N0 2 (Lymar et al, 1996; Khairutdinov et al, 2000). 
The commonality of NO2 as a putative product of the ONOOH 
or ONOOCO^ decomposition pathways in combination with 
the ability of NO2 to diffuse into cells and mediate oxidation 
(Khairutdinov et al., 2000) suggest it as one of key toxic agents 
in Sups. 

Experiments with AR confirmed that B. anthracis grown 
in microaerobic cultures generated oxidizing species. Based on 
the accumulation of resorufin in the presence of catalase the 
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properties of this species were distinct from H2O2. In addition, 
the inhibiting effect of SOD indicated that this species was not 
the superoxide, because the SOD-catalyzed dismutation of the lat- 
ter would give rise to H2O2 still capable of the AR oxidation. We 
also found that the oxidation of AR was inhibited by L-NAME 
and therefore concluded that the major reactive species originated 
from NO (which itself does not oxidize AR). In contrast to the 
microaerobic conditions, bacteria in aerated cultures did not gen- 
erate oxidants and even decreased the background level of AR 
oxidation observed in culture medium without bacteria. Overall, 
the results are completely consistent with the formation of per- 
oxynitrite in fast reaction 4 effectively competing with reaction 1 
under microaerobic conditions. We did not investigate the origin 
of the superoxide in B. anthracis cultures. Similar to other bacte- 
ria, it may consist in the respiratory chain leakage or the activity 
of metabolic enzymes such as fumarate reductase (Messner and 
Imlay, 2002). 

The formation of peroxynitrite provides an explanation for 
the increased fluorescence of DHR in response to bacterial prod- 
ucts. DHR has been most widely used to measure intracellular 
oxidants. This probe does not directly react with H2O2 or perox- 
ynitrite, but becomes oxidized via radical mechanism involving 
OH', NO2, or COj~ in the presence of carbon dioxide (reactions 
5, 8,9)(Wrona et al.,2005). 

In the case peroxynitrite and NO2 are the major reactive 
species participating in the oxidation of AR, one should expect 
that their interaction with BSA would result in the formation of 
nitrated Tyr residues. Indeed, such a modification was detected 
using a specific antibody (Figure 8) as well as the MS analy- 
sis (Table 1 ) in static but not in aerobic conditions, consistent 
with the absence of bacteria-produced oxidizing species in aerated 
cultures tested with AR (Figure 5). 

Finally, we carried out experiments with L-NAME added to 
the medium of bacterial cultures to demonstrate that inhibition 
of baNOS resulted in the reduced toxicity of Sups (Figure 7) cor- 
relating with the capacity of L-NAME to decrease the formation 
of AR-oxidizing species. The effect of L-NAME was accompanied 
by the reduced bacterial growth, raising a possibility that it might, 
at least in part, contribute to the decreased toxicity of Sups. 
However, it seems to be more likely that the decreased bacterial 
numbers, as well as the decreased Sup toxicity, in the presence 
of L-NAME are directly caused by the inhibition of baNOS play- 
ing regulatory and cytoprotective roles in several bacterial species 
including the Bacilli (Crane et al., 2010). We plan to resolve this 
question in our future research. 

We showed that effective protection of HSAECs could be 
accomplished in reaction with permanganate as a strong oxidant 
more potent than peroxynitrite or NO2. This result suggests that 
the oxidizing agents might be considered for elimination of the 



toxic RNS generated by B. anthracis. While oxidation of NO2 can 
result in a relatively inert nitrate, a reduction of NO2 using antiox- 
idants has a potential to recover a chemically reactive nitrite or 
biologically active NO. 

The mechanism we describe was not previously identified for 
bacterial pathogens capable of producing NO either through the 
activity of NOS or denitrification. However, very similar cyto- 
toxic effects supporting our observations were reported in the 
case of neural PC 12 cells exposed to peroxynitrite generated 
during oxidation of 3-morpholinisydnonimide (SIN-1) (Konishi 
et al., 2009; Shirai et al., 2012). The exposure of cells to the 
culture medium obtained after complete SIN-1 decomposition 
demonstrates almost the same level of cytotoxicity as fresh SIN- 1 . 
Although the reactive species were not identified, their proper- 
ties closely mirror our observations. The cytotoxicity is dependent 
on the presence of serum and could be abolished by thiols. The 
presence of SOD but not catalase during the SIN-1 decomposi- 
tion prevents the formation of cytotoxic substances. The authors 
concluded that the formation of toxicants is a result of the 
simultaneous formation of NO and superoxide. In agreement 
with our considerations regarding the mechanism of peroxyni- 
trite reactivity, it was found that CO2 plays a critical role in the 
cytotoxicity of the SIN-1 decomposition products (Shirai et al., 
2012). Surprisingly, the authors misinterpreted the effect of BSA 
when they found that addition of fresh serum (or BSA) antag- 
onizes the cytotoxicity. As we show, BSA consumes a portion of 
reactive species in chemical reactions with its side groups and 
therefore needs to be chemically "saturated" in order to display 
a maximal toxic effect. 

In summary, we present novel data regarding the property of 
baNOS to participate in the formation of cytotoxic substances 
through generation of NO which gives rise to the transient forma- 
tion of reactive species with the properties of peroxynitrite in the 
conditions of reduced oxygen availability. This product is known 
to quickly decompose with the accumulation of stable but chem- 
ically reactive NO2. Our data are consistent with the notion of 
NO2 as the major toxic species in the Sups. The role of BSA may 
consist in the trapping of NO and NO2 in the hydrophobic inte- 
rior of the protein globule accompanied by chemical reactions 
of the BSA side chains. This mechanism is expected to function 
along with the toxic effect ALO and SA discovered in our previous 
studies. The experiments are in progress to elucidate a possible 
synergism between NO, ALO, and SA as pathogenic factors of 
B. anthracis. 
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